Most biochemical, physiological, and behavioral processes in vertebrates show significant daily rhythms. Under constant conditions, these rhythms exhibit an endogenous periodicity around 24 h showing that they are driven by an internal circadian clock. In Japanese quail, the circadian clock driving activity and body temperature rhythms is functionally organized as a dual-oscillator system. Under certain conditions, such as switching birds from light:dark (LD) 12:12 to continuous darkness (DD), the body temperature rhythm splits into two circadian components that free-run independently before recoupling in a normal phase-relationship. The behavior of the activity rhythm parallels that of the body temperature rhythm, supporting the hypothesis that both rhythms are driven by the same set of oscillators. In some instances, recoupling fails to occur and birds continue to exhibit two circadian components that free-run independently. Dualoscillator control of body temperature was observed in normal birds, pinealectomized birds, and optic nerve sectioned birds. However, birds were rendered arrhythmic by complete eye removal. It is proposed that the central circadian system (suprachiasmatic nuclei?) acts as a complex pacemaker that is functionally organized as two sets of oscillators and that circadian input from the eyes is necessary to preserve the integrity of this complex pacemaker.
INTRODUCTION
All organisms exhibit significant daily rhythms in numerous biochemical, physiological, and behavioral processes. Significantly, most of these rhythms persist under constant conditions, showing that they are driven by an internal &dquo;biological clock.&dquo; In most cases, the myriad rhythms that an individual organism expresses bear fixed phase-relationships to one another and show the same periodicities under constant conditions. This suggests that either the rhythms are all driven by one circadian pacemaker or if more than one clock is involved, they are tightly coupled and exhibit a shared frequency.
In at least two vertebrates, some individuals have been shown to exhibit simultaneously two different circadian periodicities under constant conditions. In humans, the rhythms of sleep-wakefulness and body temperature may temporarily free-run with different periods (Aschoff and Wever, 1976) and, in the European starling, some individuals show different circadian periodicities in perch hopping and feeding (Ebihara and Gwinner, 1992) . Furthermore, in some mammals, such as tree shrews or Syrian hamsters, the locomotor activity rhythm may temporarily split into two components that independently free-run until they reach a 180° antiphase relationship (Turek et al., that the vertebrate circadian system is &dquo;multioscilla-tor&dquo; in nature, but the multiple oscillators are normally tightly coupled. Overall, however, instances in which multiple rhythms within an individual organism can exhibit different frequencies are rare. A significant amount of research has been directed toward identifying the multiple sites involved in generating circadian rhythmicity in vertebrates. These studies support the hypothesis that the pineal organ, the suprachiasmatic nuclei (SCN) of the hypothalamus, and the eyes of nonmammalian vertebrates are sites of circadian clocks, at least in some species. Evidence for a significant role of the pineal organ includes the observations that pinealectomy can render some fish, lizards, and birds arrhythmic under constant conditions (Underwood, 1990; Fuchs, 1983 ; Gaston and Menaker, 1968) ; that circadian rhythms in indoleamine synthesis can be recorded from fish, lizard, and bird pineals in vitro (Underwood, 1990; Takahashi et al.,1989) ; and that circadian rhythms in lizards and birds can be entrained by daily exogenous administration of the principle pineal hormone, melatonin (Underwood, 1990 ; Chabot and Menaker, 1992) . Evidence for a role for the SCN includes the observations that SCN lesions can abolish circadian rhythmicity in lizards and birds (Janik et al.,1990; Simpson and Follett, 1981; Ebihara and Kawamura, 1981; Takahashi and Menaker, 1982) . Recent studies have also supported a role for the eyes within the circadian system of amphibians and birds (Cahill and Besharse, 1991; Oshima et al., 1989; Konishi et al., 1985; Underwood et al., 1990a Underwood et al., , 1990b . In Japanese quail, the eyes are the site of a biological clock that can drive intraocular rhythms in melatonin synthesis (Underwood et al., 1990a) . Furthermore, this intraocular clock may be acting as a major pacemaker within the circadian system because blinding quail either by complete eye removal or by optic nerve section disrupts activity and body temperature rhythms Underwood et al.,1990b; Underwood, 1994) .
Despite progress in identifying sites that may be involved in generating circadian rhythmicity, many questions remain. For example, the rare observations that some individuals, such as starlings, can exhibit two independently free-running rhythms strongly suggests a multioscillator organization, but it is not clear if this necessarily implies the participation of two anatomically separate clocks. It is equally plausible that this behavior is the expression of two-functionally separate-subdivisions within an individual pacemaker such as the SCN. The SCN can be consid-ered to be a &dquo;complex&dquo; pacemaker because they are presumably composed of a group of interacting oscillators. In mammals, for example, the SCN are assumed to be the major, if not the exclusive, circadian pacemaker, and the complex behavior of the SCN is assumed to account for splitting and for other aspects of behavior or physiology that are compatible with dual-oscillator control (Pittendrigh and Daan, 1976; Illnerova et al., 1989) .
During the conduct of a series of experiments on the role of the pineal organ and the eyes in the control of the circadian body temperature rhythm of Japanese quail (Underwood, 1994) , it became evident that the body temperature rhythm is under the control of two oscillators (or sets of oscillators) that are normally coupled together. These results are reported here and yield insight into the nature of the multioscillator system of quail and into the sites that might contribute to the dual control of the body temperature rhythm. Because of the prevalence of this kind of behavior in quail, they represent a model system in which to pursue questions about the multioscillator control of vertebrate circadian rhythms.
MATERIALS AND METHODS
Housing. Adult female Japanese quail (Coturnix coturnix japonica) were held individually in Plexiglas cages (22 w x 23 h x 20 cm) inside lighttight photoperiod boxes. Each box held a single 4W fluorescent bulb (Sylvania F4T5/cw) yielding an average intensity of 150 lux at the level of the cage floor. The room containing the photoperiod boxes was held in constant darkness and maintained at 21 ± 1 °C. The birds were provided with food and water ad libitum and the food and water were replenished biweekly The food consisted of a quail ration containing 16% protein and 2550 kcal/g metabolizable energy Replenishment of food and water of birds held in constant darkness (DD) was accomplished in the dark.
Data collection. The body temperature of individual birds was continuously recorded via implanted transmitters (approximately 18 x 13 mm) weighing about 2.8 grams (model VM-FH, Mini-Mitter Co., Sunriver, OR). Transmitters were implanted in the peritoneal cavity of anesthetized birds via an incision in the right side just posterior to the last rib. The birds were then individually housed inside cages positioned directly beside radio receivers (model RA 1010, Mini-Mitter Figure 1 . Examples of birds that showed either no dissociation when placed into DD from LD 12:12 (a) or a single bout of dissociation into two circadian components (b-f). The panels on the left show the body temperature records presented in an actograph format, the middle panels show general locomotor activity in an actograph format, and the panels on the right show strip chart records of the body temperature rhythm. The closed triangles on the strip charts indicate the time the birds were placed into DD. The actograph records of panel a were Co.), which were connected to a microcomputer dedicated to continuous data acquisition (Dataquest, Data Sciences, Inc., St. Paul, MN). The transmitted frequency was proportional to body temperature (with an accuracy of 0.1 °C). The data were stored in 10-min bins.
In one experiment (Exp. A), general locomotor activity of the birds was also recorded by the Dataquest system by monitoring changes in transmitter signal strength. Activity was scored whenever changes in received signal strength exceeded a threshold. Such a change occurred when the orientation of the transmitter varied with respect to the receiving antenna. Data analysis. Data analyses were performed utilizing Circadia software (Behavioral Cybernetics, Cambridge, MA). Cosine spectrum analysis was used to determine the periods of free-running rhythms by linear least squares fitting of cosines of successive periods to the data and calculating the amplitudes.
Two methods were used to view the body temperature records: the actogram format in which a &dquo;pen folded at 24 h; however, in panels b-f, the actograph records were folded at the period of the (coupled) free-running rhythm in order to facilitate interpretation. The folding periods were (b) 22.33 h, (c) 22.17 h, (d) 21.00 h, (e) 22.17 h, and (f) 22.33 h. All actograph records are double plotted. deflection&dquo; is plotted for each 10-min bin in which the temperature value exceeds the daily mean body temperature, and a strip-chart format in which body temperature data are plotted against time. The actogram format allows easy visualization of the effects of experimental manipulations on circadian parameters such as phase angles or free-running periods, whereas the strip chart format allows visualization of treatment effects on aspects of the temperature profile, such as amplitude. In the strip chart format, the 10-min bins of data were averaged into 30-min bins. For the data presented here, only selected portions of the actograph or strip chart records are shown.
Surgery. Multioscillator control of body temperature was observed in pinealectomized birds, optic nerve sectioned birds, and in sham-operated and normal (unoperated birds). Details of the surgical treatments of these birds have been described previously (Underwood, 1994; Underwood et al., 1990b) . Experimental Protocols Experiment A. Normal (unoperated) birds (N = 20) were implanted with transmitters, exposed to light:dark (LD) 12:12 for 17 days, and then placed into continuous darkness (DD) for 21 days. Experiment B. Fourteen birds were implanted with transmitters and then exposed to LD 12:12 light cycles. Seventeen days later the birds were either pinealectomized (PX, n = 7) or sham-pinealectomized (S-PX, n = 7). The birds were placed into DD 32 days after PX/S-PX and held in DD for an additional 35 days. Experiment C. Fourteen birds were implanted with transmitters and exposed to LD 12:12 light cycles. Twenty-six days later the birds were subjected to either optic nerve section (ONX, n = 5) or sham optic nerve section (S-ONX, n = 9). The birds were placed into DD 30 days after the ONX/S-ONX. Thirty-three days after being placed into DD the ONX birds were pinealectomized and the S-ONX birds were subjected to optic nerve section. The birds were then held in DD for an additional 30 days. Because dissociation of body temperature typically occurs following a LD to DD transition, most of the birds subjected to ONX or PX while in DD are not included in the results presented here (see Underwood, 1994) . In two cases, however, these data are presented because the birds showed long-term dissociation of their body temperature rhythms into two circadian components. Optic nerve section caused the body temperature rhythms of some birds to become &dquo;noisy&dquo; or completely arrhythmic (Underwood, 1994) . Because it was not possible to determine if dissociation was occurring in these birds, they were excluded from the present analysis. Experiment D. Five birds were subjected to both pinealectomy and optic nerve section. The birds were exposed to LD 12:12 for 28 days and then placed into DD. Of these birds, 3 are included in the present analysis and 2 were excluded because their body temperature rhythms were too noisy for interpretation (Underwood, 1994) . Experiment E. Four birds were exposed to LD 12:12 for 9 days and, subsequently, both eyes of the birds were covered with opaque patches and the birds were exposed to continuous fluorescent light (LL, 50 lux). Sixty days later the eye patches were removed.
RESULTS
In Experiment A, 16 of 20 unoperated birds (80%) showed clear evidence of dissociation of the body temperature rhythm into two circadian components following the switch from LD to DD (Fig. 1b-f ), 3 birds showed some evidence of dissociation, and 1 bird did not show any evidence of dissociation ( Fig. la ; Table  1 ). Typically, one circadian component, hereafter referred to as the &dquo;long&dquo; component, free-ran with a period longer than 24 h while the other component (&dquo;short&dquo;) free-ran with a period significantly shorter than 24 h ( Fig. lb-f ). When the two components regained their normal phase-relationship with each other, the rhythms recoupled and showed a single free-running period that was shorter than 24 h. Dissociation typically began to occur within 1 to 2 days after the transfer from LD to DD; in some cases, however, the rhythm remained coupled for 4 to 7 days before showing dissociation followed by an abrupt change in tau (cf. Fig. 1f ). Typically, the long components were not as well expressed in the amount of overt body temperature rhythmicity as the short components (Fig. 1 ). Figure 5 . Long-term dissociation in a bird that was sham-optic nerve sectioned (S-ONX) while exposed to LD 12:12, placed into DD, and subsequently optic nerve sectioned (ONX). In this record (folded at 24 h), the cutoff for plotting body temperature was set at 41 °C in order to make the dissociated components more visible. Cosinor analyses showed peaks in periodicity (in DD) of 23.00 h and 25.00 h when the bird was S-ONX and peaks of 23.33 h and 25.30 h after the bird was subsequently ONX. After ONX the long circadian component is poorly expressed in overt rhythmicity. On the strip chart, the closed triangle indicates when the bird was placed into DD and the open triangle shows when the bird was subjected to ONX. A body temperature record for this bird, in which the mean daily body temperature was used as the cutoff for plotting the data, can be found in Underwood (1994) .
The periods during which dissociation occurred were also clearly discernible in the strip chart records of the unoperated birds (Fig. lb-f ). Typically, periods of dissociation were characterized by multiple temperature peaks during the day, in contrast to the single coherent peak observed in LD or in DD following recoupling of the two components. Also, the amplitudes of the multiple peaks that occurred during dissociation were substantially less than the amplitude expressed by the normal (coupled) system. The mean daily body temperature of the 16 normal birds showing strong evidence of dissociation was measured during the 5to 11-day periods in which dissociation was occurring, and compared to the mean daily body temperatures observed during the same number of days immediately following recoupling of the two components. The mean daily body temperature (±SE) shown during dissociation (40.9 ± 0.1 °C) was indistinguishable (p = 0.4) from the mean daily temperature exhibited while coupled (40.8 ± 0.1 °C).
An additional circadian rhythm, general locomotor activity, was also monitored in these unoperated birds (Fig. 1) . The overt rhythm of body temperature is clearly a superior means of monitoring the state of the birds' circadian system, because the activity rhythms of these birds tend to be quite noisy. However, dissociation of activity rhythm into two circadian components following the LD to DD transfer can be discerned in the activity records and shows the same pattern as the body temperature rhythm.
A detailed discussion of the effects of pinealectomy or optic nerve section on the circadian body temperature rhythm of Japanese quail can be found in Underwood (1994) . The actograph and strip chart records presented here show previously unreported data, with the exception of the data shown in Figure 5 , which represents a reanalysis of a record previously presented (Underwood, 1994) .
Figures 2 through 4 show examples of dissociation in birds that had been previously sham-pinealectomized or pinealectomized (Fig. 2) , sham-optic nerve sectioned or optic nerve sectioned (Fig. 3 ), or both pinealectomized and optic nerve sectioned (Fig. 4 ). Dissociation occurred after pinealectomy, after optic nerve section, and after both pinealectomy and optic nerve section (Figs. 2-4; Table 1 ). Overall, 70% of birds examined (normal plus operated) showed strong evidence of dissociation, 15% showed some evidence, and 15% showed no evidence of dissociation. Neither pinealectomy nor optic nerve section appeared to affect the pattern or frequency of dissociation. Dissociation often occurred soon after the LD to DD transition (e.g., Figs. 2c, 2d, 3a), but in some cases dissociation did not occur until the birds were in DD for 5 to 14 days (e.g., Figs. 2b, 3b, 4) .
In three cases the two circadian components of the body temperature rhythm did not recouple, but continued to free-run (Table 2; Figs. 5, 6; and Fig. 6B in Underwood, 1994) . One of these birds (bird C31) showed two free-running components while S-ONX as well as following ONX (Fig. 5 ). The underlying rhythmicity expressed by this bird was more apparent when the cutoff for the actograph was set to 41 °C rather than to the mean daily body temperature. Interestingly, following ONX the body temperature pattern was less &dquo;noisy&dquo; than the pattern shown while S-ONX, although ONX did not significantly affect the period of the two components. Continued dissociation was also observed in a bird (E29) in which both eyes were covered with eye patches while the bird was exposed to LL. This bird was one of 4 birds exposed to LL of 50 lux while bearing eye patches (Exp. E, Table 1 ). Of the remaining 3 birds (not shown), one showed little evidence of dissociation and two showed some evidence, although the records were quite noisy, probably due to the masking effects of the continuous illumination on body temperature. In the third case of continuous dissociation (bird C17), the ONX bird showed a noisy pattern with a single periodicity at 23.83 h, but, following pinealectomy, two free-running circadian components were observed (see Fig. 6B in Underwood, 1994 ).
It is not yet possible to determine whether, or to what extent, the long-term dissociation noted above was caused by a particular surgical manipulation (pinealectomy, sham optic nerve section, optic nerve section) or by exposure to LL. Pinealectomy in most birds has little or no effect on the body temperature rhythm (Underwood, 1994) . Sham-optic nerve section has not been observed to affect the body temperature rhythms of most birds and, although optic nerve section can affect rhythmicity in DD by decreasing the &dquo;robustness&dquo; of the rhythm or by causing arrhythmicity, it has not been observed to produce uncoupling of the body temperature rhythm into two discrete components (Underwood, 1994) . Therefore, in the case of sham/optic nerve sectioned bird (C31) or the optic nerve sectioned/pinealectomized bird (C17) exhibiting long-term dissociation, the dissociation could be related to surgical stress, to the light exposure that occurred during surgery, or simply because the coupling between the two oscillators in these birds was weaker than in most birds. Continuous illumination Table 2 . Estimates of the endogenous free-running periods of birds showmg a single bout of dissociation or continued dissociation. a. Free-running periods shown by the birds when coupled (N), or when dissociated into a short (TS) or long component (iL). b. Insufficient data for estimate. Birds were subjected to the following treatments: normal (unoperated) (A7-A37), S-PX (B17, B25), PX (B19), S-ONX (C29, C33), ONX+PX (Cl7), S-ONX followed by ONX (C31), eye-patched bird in LL (E29).
has been proposed to affect the coupling strength between oscillators, at least in some mammalian systems (Cassone, 1992) , so it is possible that exposure to LL did play a role in promoting the dissociation observed in bird E29. The actograph records of the birds exhibiting long-term dissociation (Figs. 5, 6; and Fig.  6b from Underwood, 1994) also suggest that the long free-running component is poorly expressed in overt rhythmicity and its motion is most observable when the two components attain a &dquo;normal&dquo; phase-relationship with each other (i.e., when crossing). Clearly, some interaction is occurring between the two components with respect to overt expression of the rhythm and possibly with respect to the free-running periods of the components as well.
Some estimates of the free-running periods of the long (rL) and short components (Tg) were made in the 3 long-term dissociated birds as well as in some of the birds that recoupled following dissociation. Table 2 shows estimates of the free-running periods of these two components in those birds with the clearest body temperature records, as well as the free-running period expressed by these birds after the two components had re-fused into a single normal circadian component (Tj~). The free-running periods of the coupled systems (TN) were determined by cosinor analysis while the free-running periods of the uncoupled components were determined by eye-fit estimation. Cosinor analysis could not be used on the uncoupled data (except in the case of birds C17, C31, and E29) because too few days were available for analysis. Excluding birds C17, C31, and E29, the average is (±SE) was 21.4 ± 0.3 h and the average iL was 25.6 ± 0.7 h. The average free-running period shown by these birds while coupled ('tN) was 22.2 ± 0.2 h. Accordingly, the coupled system shows a free-running period that is, on the average, 0.8 h longer than the endogenous period expressed by the short component and 3.4 h shorter than the endogenous period expressed by the long component. Cosinor analysis of the 3 birds that showed continued dissociation yielded values for bird C17 of 23.16 h and 26.00 h for Tg and 'tù respectively; for C31, values of 23.00 h and 25.00 h while S-ONX in DD (and 23.33 h and 25.33 h while ONX in DD); and for E29, values of 22.67 and 26.58 h.
DISCUSSION
The majority of birds that experienced a transfer from LD 12:12 to DD exhibited a single bout of dissociation of the body temperature rhythm into two circadian components. One component (Tg) free-ran with an average estimated periodicity of 21.4 h, while the other (iL) free-ran with an average periodicity of 25.6 h. After scanning one circadian cycle, the two components recoupled into one circadian rhythm with an average period of 22.2 h. The coupled system, therefore, shows a free-running period that is, on the average, much closer to the endogenous period of the short oscillator than to the long oscillator. Modeling the behavior of coupled circadian oscillators shows that the period of coupled systems do not have to reflect Figure 6 . Long-term dissociation in a bird that was entrained to LD 12:12 and then exposed to continuous illumination (LL, 50 lux) while bearing eye patches (EP) over both eyes. The eye patches were subsequently removed (EPR). Cosinor analysis showed the two highest peaks at 22.67 and 26.33 h. The record was folded at 24 h and triple-plotted. On the strip chart, the closed triangle indicates when the bird was placed into LL and eye-patched, and the open triangle shows when the eye patches were removed. the average free-running period of the component oscillators, but can exhibit periodicities either longer or shorter than the endogenous periods expressed by the component oscillators (Daan and Berde, 1978) .
However, these estimates of free-running period must be viewed with caution. First, these oscillators may be influenced by prior exposure to LD 12:12; that is, they may be subject to aftereffects. In fact, it could be argued that the tendency to dissociate upon transfer from LD to DD may be elicited by effects of the entraining LD cycle on the short, or long, components (or both), causing them to, at least temporarily, exhibit a change in coupling strength or endogenous periodicity. Second, the assumption that the two dissociated components are independently free-running may not be strictly true. It is possible that the components are exhibiting some mutual interaction even while dissociated.
The data, however, clearly show that the body temperature rhythm of Japanese quail is controlled by two normally coupled oscillators and that one of these oscillators has an endogenous periodicity significantly shorter than 24 h, while the other exhibits an endogenous periodicity that is typically longer than 24 h. This dual-oscillator hypothesis is strengthened by the observation that, in 3 birds, the two components continued to free-run independently, although some interaction obviously occurred between them. In these birds, and in those experiencing only a single bout of dissociation, the long oscillator is more poorly expressed in overt rhythmicity than the short oscillator. Measurements of the activity patterns of normal birds show that the activity rhythm also typically exhibits dissociation following a LD to DD transition and follows the identical pattern as the body temperature rhythm. Accordingly, the data support the hypothesis that the circadian rhythms of activity and body temperature are driven by the same circadian oscillators.
The body temperature profiles exhibited while dissociated show that the amplitude of the body tempera-ture rhythms driven by the two oscillators is significantly less than the amplitude expressed when the two oscillators are in their normal (coupled) phaserelationship. Since the body temperature rhythm must reflect the output of both heat generating mechanisms and heat conservation/dissipation mechanisms, a decrease in the amplitude of the body temperature rhythm could reflect an effect of the circadian pacemakers on any of these mechanisms. In homeotherms, the preoptic area and anterior hypothalamus are generally considered to be the loci of a hypothalamic &dquo;thermostat&dquo; controlling body temperature (Refinetti and Menaker, 1992) . In mammals, anatomical studies have shown that efferent projections of the SCN include projections to the preoptic area (Watts, 1991) . Although there is some controversy as to the precise location of the avian SCN, they would be well sited for influencing the hypothalamic thermostat. Classical anatomical studies suggest that the avian SCN reside adjacent to the preoptic recess of the third ventricle and the optic chiasm, whereas studies of the terminations of the retinohypothalamic tract suggest that the SCN reside more caudally, between the supraoptic decussations and the ventral lateral geniculate nucleus, in a nucleus termed the &dquo;visual SCN&dquo; (Norgren and Silver, 1989; Cassone and Moore, 1987) . Assuming that the output of the SCN is neural, a simple model would envisage a circadian rhythm of neural activity (i.e., action potential frequency) from the SCN into the area(s) governing body temperature. When the circadian pacemaker is in its normal (coupled) mode, the frequency of action potential production would peak at one time of day and elicit the normal rise in body temperature. However, if the two oscillators are out of phase, two (smaller) peaks of action potential frequencies would occur, each eliciting a smaller than normal increase in body temperature.
Investigations of the sites involved in generating circadian rhythmicity in birds have shown that the pineal organ, the SCN, and the eyes are importantly involved but that considerable differences exist between species in the relative roles that these sites may play. In house sparrows, for example, both the pineal and the SCN are important; either pinealectomy or SCN lesions abolish rhythmicity in this species (Gaston and Menaker, 1968; Takahashi and Menaker, 1982) .
A model for this species has been proposed in which the pineal and the SCN interact in a neuroendocrine loop: the daily output of pineal melatonin is required to maintain SCN function and, conversely, neural sympathetic input to the pineal from the SCN is re-quired to maintain pineal rhythmicity (Cassone and Menaker, 1984; Lu and Cassone, 1993) .
In the Japanese quail, however, pinealectomy has little or no effect on circadian rhythmicity, but removing the eyes disrupts rhythmicity. In the Japanese quail, it has been proposed that an &dquo;eye-SCN&dquo; axis is operating and both a circadian neural and hormonal output from the eyes is required to maintain normal SCN rhythmicity (Underwood, 1994) . In the absence of this periodic input from the eyes, the multiple oscillators comprising the SCN are either unable to maintain rhythmicity and damp out or they become out of phase and are incapable of generating a coherent circadian output (Underwood, 1994) . It seems likely that the two oscillators (or sets of oscillators) that have been shown to drive the body temperature rhythm in quail are localized to the central circadian system (possibly the SCN). In mammals, the SCN are thought to be the major (or perhaps exclusive) pacemakers driving overt rhythms, such as locomotor activity and body temperature. Furthermore, the circadian systems of some mammals show clear evidence of dualoscillator control; for example, the activity rhythms of tree shrews and Syrian hamsters can dissociate under LL and exhibit two circadian periodicities before locking on at a 180° antiphase relationship (Hoffmann, 1971; Pittendrigh and Daan, 1976) . The mammalian SCN are thought to act as complex pacemakers within which two functional circadian subsets reside. Because Syrian hamsters bearing unilateral SCN lesions can still exhibit splitting into two circadian components, it is unlikely that each SCN is separately acting as one of these functional circadian subsets (Davis and Gorski, 1984) .
Compared to mammals, very little work has been conducted on the role of the avian SCN in circadian organization, and there is even controversy as to exactly which sites within the avian hypothalamus are the homologues of the mammalian SCN. However, it is not unreasonable to assume that the dual control of the body temperature rhythm in quail originates within the central circadian system. The pineal organ is clearly not involved in generating the dual-oscillator behavior because dissociation of the body temperature into two circadian components can still be seen in pinealectomized quail (Fig. 2, c and d) . The eyes do appear to be crucial because the circadian system becomes totally disorganized after enucleation (Underwood, 1994) . However, in many birds the circadian body temperature rhythm can persist after optic nerve section and exhibit dissociation (Fig. 3b ),
although the rhythm appears to be less &dquo;robust&dquo; than normal. A putative hormonal output from the eyes appears sufficient to maintain, at least partially, the integrity of the central circadian system (Underwood, in press ). It is proposed that this hormonal output is melatonin because 1) the eyes synthesize and secrete melatonin rhythmically, 2) optic nerve section does not impair the eye's ability to synthesize and secrete melatonin, and 3) exogenous melatonin administration affects the circadian system of quail Underwood and Siopes,1985; Underwood et al., 1990a Underwood et al., , 1990b Underwood, 1994) . Whether or not the eyes are contributing directly to the dual-oscillator control of the body temperature rhythm of quail or whether their role is to maintain the central circadian system, which is the actual locus of the functional short and long oscillators, is still an open question.
